Purpose: To evaluate the effect of attenuation of MR coils on quantitative carotid PET/MR exams. Additionally, to develop and evaluate automated attenuation correction method for flexible carotid MR coils was developed and evaluated.
Introduction:
Attenuation of 511 keV photons is a physical effect that degrades the quantitative accuracy of positron emission tomography (PET) images. A new source of attenuation only relevant in PET/MR imaging is that of MR surface coils, such as cardiac or carotid surface coils, that are crucial for magnetic resonance (MR) acquisitions. The design of non-attenuating MR coils has proved difficult with even PET-optimized coils inducing significant quantitative errors in human studies (Paulus et al., 2012; Fürst et al., 2014) .
Therefore, attenuation correction for such coils, currently not included in the system standard reconstruction, is critical for accurate PET quantification.
Successful attenuation correction for MR hardware and coils requires that an attenuation map containing the correct attenuation factors for the object is available.
Furthermore, to apply such attenuation maps, the object has to be accurately localized in the field of view (FOV). For rigid MR coils, including the head and neck coil or the spine coil, the position in the FOV is static allowing for the use of a static attenuation map to correct for their attenuation. Flexible surface coils, on the other hand, change their position and shape between imaging sessions and thus a fixed attenuation map is not a feasible solution.
The use of MR imaging could be utilized to detect the position of flexible coils and other MR hardware in the FOV to allow for registration of a pre-computed attenuation map. Such localization could be achieved by either placing MR visible fiducial markers on the outer surface of the coil or by direct imaging of some of the components of the coil using specialized sequences, such as the ultra-short echo time sequence (UTE) (Paulus et al., 2012) . Fully automatic algorithms have been proposed for attenuation correction using fiducial markers (Kartmann et al., 2013; Eldib et al., 2014) , however, only manual approaches have been developed for the UTE, which makes the method currently impractical in clinical routine (Paulus et al., 2012; Kartmann et al., 2013) . The goal of this study is to develop an automated approach that utilizes UTE MRI to correct for the attenuation of flexible coils.
The use of the UTE to localize coils in the FOV may be more desirable than fiducial markers based localization. Fiducial markers based localization requires modifying the coil by adding additional markers, which will appear in some MR studies and might interfere with the clinical reading. Furthermore, these markers must always stay on the coil and if they are removed for any reason, a new attenuation map must be re-generated to establish spatial correspondence between the markers in the attenuation map and their physical position (Ferguson et al., 2014) . Finally, fiducial markers based registration relies on the correspondence between a very small number of points placed outside of the coil and thus the resultant registration might not capture the actual deformation of the coil (Eldib et al., 2014) .
The sensitivity of UTE to measure signal from the structural components of the coils was previously investigated and it was shown that polyethylene-based and some polycarbonate-based materials exhibit a measurable signal (Horch et al., 2010; Marjanska et al., 2008; Springer et al., 2008) . In this study we exploit the visibility in UTE MRI acquisitions of the materials used in a specialized neck coil for carotid imaging.
In this study, the effect of attenuation of MR coils was evaluated for carotid PET/MR imaging both in phantoms and in human studies. Moreover, an automatic, attenuation correction method was developed to correct for the attenuation of a flexible carotid coil. The attenuation correction method uses the UTE MRI acquisition to localize the coil in the FOV. Then, using both rigid and non-rigid registration, a pre-computed attenuation map is registered to the UTE image of the coil. Phantom studies were conducted to show feasibility of the attenuation correction algorithm. Preliminary clinical evaluation of the technique was also tested in five subjects using a simultaneous PET/MR scanner. (Delso et al., 2011) . The spatial resolution of the scanner is 4.3 mm (FWHM) at 1 cm offset from the center of the FOV (Delso et al., 2011) . All PET reconstructions in this study were performed offline using dedicated reconstruction software provided by the manufacturer (e7-tools for Siemens Biograph mMR VB18P). PET emission data was corrected for dead time, attenuation, scatter, randoms and normalization. PET images were reconstructed using the ordinary Poisson ordered subsets expectation maximization algorithm using 3 iterations and 21 subsets. to attenuation coefficients at 511 keV (Carney et al., 2006) . The attenuation maps were re-sampled to match the PET image dimensions. Finally, the maps were clipped at 0.02 cm -1 and 0.12 cm -1 , as previously described (Eldib et al., 2014; Aklan et al., 2013) . This clipping is useful to mitigate overestimation of the attenuation coefficients at 511keV that originate from metal artifacts in the CT images.
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The attenuation correction procedure is summarized in Figure 3 . Firstly, because the coil was only visible in the first echo UTE image, the second echo image was used to remove the subject and the MR markers so that they do not interfere with the registration.
This was done automatically by thresholding the 2 nd echo image at background level and morphologically closing the resultant image to generate a binary mask that was then filtered from the 1 st echo image. The coil image was then divided into two sides in the axial direction at the center of mass of the image (in the X direction) for subsequent registration of each side of the coil separately. The registration procedure was initialized by a 3-dimensional (3D) normalized mutual information maximization rigid registration of the attenuation map to the UTE image of the coil over six degrees of freedom (3 translation and 3 rotation). Then, the diffeomorphic demons algorithm as implemented in the National Library of Medicine Insight Segmentation and Registration Toolkit (ITK) was used to warp the attenuation map non-rigidly (Vercauteren et al., 2009) . The demons algorithm is a popular iterative deformable image registration algorithm that estimates the deformation between images caused by edge based forces (Thirion, 1998) .
The demons algorithm requires regularization and in its simplest form, Gaussian smoothing of the transformation field is used. The use of diffeomorphic regularization, however, has been shown to produce non-folding transformation fields, which are physically unlikely to occur (Vercauteren et al., 2009 ). More importantly, diffeomorphic regularization preserves the topology of objects in images, which is important for our current registration problem. The rigid and non-rigid registration steps were then repeated for the other side of the coil. To estimate the values of the attenuation map at the registered position, 3 rd order b-spline interpolation was used. After registration, the resultant left and right attenuation maps of the coil were combined into a single coil attenuation map for use in system standard PET reconstruction to correct for attenuation and scatter due to the coil.
4>∀3%∃9(−?∀)1∀%&∃3(∃≅(%>;(!∃&)(.%%;31∀%&∃3 * (((
To study attenuation of the carotid coil, a uniform water phantom (diameter = 12 cm) was injected with 37 MBq of 18F-FDG and scanned on the PET/MR for 24 minutes (3 times longer than the standard patient scan time). Eight minutes after the completion of the first PET acquisition, the same phantom was scanned for the same duration with the coil present. Decay correction was applied to account for the 18F-FDG decay between acquisitions. A CT-based attenuation map of the phantom was used in all reconstructions to ensure that any measured differences in the reconstructed PET images are solely due to the coil attenuation and not errors in the phantom attenuation map. The attenuation map was registered to the non-attenuation corrected PET emission image using rigid normalized mutual information registration.
The PET emission data collected without the coil (i.e. ground truth) was reconstructed using a phantom only attenuation map to serve as ground truth.
Subsequently, the acquisition done with the coil present was reconstructed without accounting for attenuation from the coil (i.e. using only a registered phantom attenuation map) in the overall attenuation map. When the resultant image is compared to the ground truth, the effect of the coil on quantification can be investigated. Finally, the same data set was reconstructed with a coil attenuation map registered to UTE image to test the feasibility of the proposed attenuation correction approach. Following the registration procedure, the markers were localized in both the UTE image and the registered attenuation map to measure the mean squared distance between the markers as a metric for registration accuracy over all subjects.
Additionally, to evaluate if the registration procedure preserves the shape and the attenuation coefficients of the CT map, the percent difference was computed between the attenuation map before and after registration. Moreover, visual inspection of the attenuation maps was performed to evaluate the shape of the deformed attenuation map.
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PET acquisitions of patients were reconstructed with the same parameters as the phantom scan. Data collected without the coil was considered ground truth. PET emission data collected with the coil present was either reconstructed with or without the coil attenuation map included in the overall attenuation map to investigate the effect of the coil and the feasibility of our approach for attenuation correction in patient studies.
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Global quantitative analysis for the phantom data was done by investigating the average activity in a large ROI that enclosed the entire phantom. Furthermore, ROI analysis was also conducted to quantify local errors from attenuation of the coil using a 2 cm ROI placed 2 cm and 5 cm away from the coil to investigate the attenuation effects of the coils at a depth range similar to the position of carotid arteries in humans. The size of the ROI was chosen so that it represents the size of the carotid artery lumen and the vessel wall that might contain plaques (El Aidi et al., 2009 ).
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Quantitative comparisons in the human studies were carried out both globally and locally. Global analysis was done using a large ROI around the neck of the patient.
Additionally, 2 cm circular ROIs centered on both carotids was used for local analysis.
Data are presented as mean over all subjects ± standard deviation. Statistical analyses to identify the significance of the attenuation of the coil as well as our attenuation correction method in human studies were performed using paired t-tests between data reconstructed with and without the coil in the overall attenuation map and compared to the ground truth (no coil scan). Statistical significance was considered for p<0.01. while the foam and polyester foam has negligible attenuation.
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Fig 4: A) Sample plane across the attenuation map of the carotid coil. The plastic housing around the coil is the most attenuating part of the coil followed by the metallic components and the foam. B) Corresponding image of the coil. Scale bar is 1 cm.
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The experimental setup of the phantom with the coils placed around it as placed in the scanner is shown in Figure 5A . Phantom studies indicated that the overall loss of PET counts (i.e. net true events) due to the carotid coil was 6.3%. This global loss of counts, however, was not uniform in all areas with the error reaching up to 11.9% in some axial planes. Furthermore, local quantitative differences in the 2 cm ROI reached an underestimation of 18.8% and 13.4% in the ROI placed 2 cm and 5 cm away from the surface of the coil as shown in Figure 5B . Attenuation correction for the coil was necessary given the high error that was produced due to the presence of the coil in the PET FOV.
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Having established that the attenuation correction was required for the carotid coil, attenuation correction was performed using the proposed registration method. The overall computation time for the coil isolation and image registration procedure for both sides of the coil was 242 seconds. Following attenuation correction for the coil, the global difference in quantification was 0.8%. The largest error that measured in the ROIs placed 2 cm and 5 cm away from the coil was 3.8% and 3.7% respectively following attenuation correction.
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The coil was visible in the UTE images of all patients that were scanned with the coil in the FOV. Figure 5C shows the organization of the markers on the outer surface of the coil. A summary of the results of registration accuracy is shown in Table 1 . The average error for marker 1 and 2 (which quantify the error in the rigid transformation) was 1.9 mm. For markers 3 and 4, which quantify the error in the non-rigid part of the algorithm, the error was 2.5 mm. The percent differences for the CT map before and after registration was computed to investigate if the registration procedure affected the overall attenuation coefficients for the CT map. We found that the difference was about 2.0% for the left side and 1.9% for the right side suggesting that the difference is negligible. Moreover, visual inspection did not reveal unphysical deformations following the registration process. Figure 6A shows a line profile across the neck of the patient that plots the activity distribution along the line shown in the figure insert. ROI around the neck of the subject, which was the active area of the coil, was used for a global analysis. In the neck region, the coil resulted in significant attenuation of 9.1%±1.7% (p<0.01). Following attenuation correction for the coil, the measured difference from the reconstructed images was 1.6%±2.7% (p=0.13) in all five subjects ( Figure 6B ).
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In the 2 cm ROIs around the left and right carotids the measured reduction of quantification was 9.6%±3.5% (p<0.01) and 8.2%±0.5%!(p<0.01). Following attenuation correction the measured activity was underestimated by 0.3! !2.3% (p=0.40) for the left carotid and overestimated by 2.1%±3.7% (p=0.14) for the right carotid ( Figure 6C ).
Fig 6: Sample line profile across the neck of the patient showing the effect of attenuation (with coil-no AC) as well as after attenuation correction with the proposed method (with coil-CT AC) compared to the no coil scan, which serves as ground truth. The insert shows the location of the line profile (A). Bar plot showing measured error for the large ROI around the neck (B) and the 2 cm ROI around the left and right carotid (C).
Discussion:
In this study, the effect of a carotid coil was evaluated both in phantom studies as well as in vivo. It was found that the presence of the coil resulted in significant attenuation and thus attenuation correction was needed to achieve accurate quantification.
To this end, an automatic algorithm was proposed for attenuation correction for flexible coils in combined PET/MR that utilized UTE MRI. Previous studies utilized UTE MRI for attenuation correction with only manual and rigid registration (Paulus et al., 2012) . In this study a fully automatic and non-rigid registration was used, making the proposed method feasible for routine clinical use. The proposed attenuation correction strategy presented in this study for the carotid coil could be expanded to other flexible coils, provided they are made from UTE visible materials, because such coils deform in a similar fashion where rigid registration would capture the bulk motion while non-rigid registration better describes the flexure motion of such coils.
This study showed that neglecting the attenuation of flexible coils, in this case a dedicated carotid surface coil, which are needed for high resolution MR imaging, had a significant adverse effect on PET quantification. With results from this study and previous coil attenuation studies, it is evident that hardware attenuation correction is required for combined PET/MR to reach its potential as an accurate quantitative diagnostic tool (Kartmann et al., 2013; Delso et al., 2010; Eldib et al., 2014; MacDonald et al., 2011; Paulus et al., 2012; Dregely et al., 2014) .
The utility of UTE MRI for the purpose of attenuation correction for MRI hardware has been of recent interest, however, clinically feasible algorithms that do not require user intervention have not yet been developed. Previously a manual, rigid algorithm was used for the body matrix coil (Paulus et al., 2012) . Most recently, UTE based localization was tested also to localize the headphones used in head PET/MR scans, however, a sufficient signal was not emitted from the headphones and thus an algorithm was not developed (Ferguson et al., 2014) .
The diffeomorphic demons algorithm used in our study has been used previously in the registration of images of different contrast in several previous studies (Archip et al., 2007; Janssens et al., 2011) . Similar to our findings in Table 1 , the misregistration error reported in the study by Archip et al. was 3.04 mm.
There are several advantages and disadvantages to both MRI based localization methods. Fiducial markers may interfere with some MR images that are generated with the coil present and the physician must be aware of their presence before reading the data.
Furthermore, the markers must always remain on the coil and if they are detached then a new attenuation map must be re-generated making it inconvenient for routine use (Ferguson et al., 2014) . Fiducial markers based registration utilizes a very limited number of scattered corresponding points between the MR image and the attenuation map placed mostly on the outer surface of the coil and thus interpolation between those points must be used to estimate the position of the coil in the FOV in between those markers. It was shown recently that significant mis-registration could occur depending on the type of interpolation used, which could lead to erroneous attenuation correction and quantitative errors in the reconstructed PET image (Eldib et al., 2014) . Direct imaging of the coil, such as the one used in this study, where large sections of the coil itself are imaged could reduce the need for such sparse interpolation. A current limitation for the UTE approach on the PET/MR scanner used in this study is that it is restricted to a small FOV, but could be modified to include a wider FOV at the expense of increased scan time (Togao et al., 2010) . The duration of the UTE sequence used in this study is only 100 seconds and it is included in the clinical protocols for PET/MR imaging of the carotids, thus separate UTE imaging of the coil would not be necessary (Delso et al., 2011) .
The use of CT-based attenuation maps, which has been the clinical standard for attenuation correction in PET/CT scanners, was extended to attenuation correction for MR coils (Townsend, 2008; Carney et al., 2006) . Findings in this study suggest that CTbased attenuation maps that were generated from CT images using the conventional bilinear transformation (Carney et al., 2006) may be sufficient for hardware attenuation correction of small coils such as the one used in this study. Our findings are consistent with recent reports that used the same transformation to successfully correct for the attenuation of MR coils (Tellmann et al., 2011; Paulus et al., 2012; Kartmann et al., 2013; Aklan et al., 2013; Eldib et al., 2014; Dregely et al., 2014) .
The spatial accuracy of the registration algorithm was investigated in this study in five human studies using a method previously proposed by Kartmann et al (Kartmann et al., 2013 ). An advantage of this approach is that it allows for the investigation of the spatial accuracy at various realistic and clinically applicable positions of the coil at relevant noise levels. A small error was found following non-rigid registration (max of 2.6 mm), which is below the spatial resolution of the scanner indicating that the accuracy is sufficient for attenuation correction. Several studies have evaluated the effect of misregistration of the attenuation maps to their actual position for several rigid and flexible coils and it was concluded that positional error on the scale of 3 mm or 4 mm depending on the size of the coil do not introduce significant changes in quantification (Delso et al., 2010; Paulus et al., 2013; Eldib et al., 2014) .
Clinical evaluation of hardware attenuation correction is a challenging task. In clinical studies, unlike phantom scans, the tracer is re-distributed between neighboring tissues during and in between acquisitions, making it difficult to assume that any measured quantitative difference is solely due to the attenuation of the coil. It was recently shown however that the standard uptake value does not change significantly over the short duration used in this study (Bucerius et al., 2014) . Furthermore, motion between scans, partial volume effects, as well as noise could have a large contribution to the measured quantitative differences.
Conclusion:
In this study, the effect of attenuation of flexible coils was investigated for carotid PET/MR imaging. It was found that such coils resulted in a significant reduction in quantification and thus attenuation correction was required. To this end, a fully automatic algorithm was developed for attenuation correction for the carotid coils by registering a pre-computed CT-based attenuation map to the UTE MR image of the coil.
Firstly, we showed that ignoring the attenuation of the coil led to large quantitative errors.
In addition, we demonstrated quantitatively in phantoms that the attenuation of the coil could be corrected using the proposed method with high accuracy. Finally, preliminary evaluation of the technique was demonstrated in five human PET/MR studies, showing reduction in the difference between activity quantification with the MR coil and without when our correction method was used. Taken together, this method could be translated to routine clinical PET/MR exams of the neck.
